ABSTRACT: We examined 220 Pacific oysters Crassostrea gigas obtained from 11 locations along China's coasts for the presence of the 2 protistan parasites Haplosporidium nelsoni (MSX; multinucleated sphere X) and H. costale (SSO; seaside organism). Haplosporidium-like plasmodia were histologically observed in 9 oysters (4.09%) from 7 locations. Five oysters had mixed infections, and 4 oysters were infected only with H. nelsoni as determined by in situ hybridization (ISH) and polymerase chain reaction (PCR). This is the first report of H. nelsoni and H. costale infection in bivalves in Chinese waters.
INTRODUCTION
Haplosporidium nelsoni (MSX; multinucleated sphere X) and H. costale (SSO; seaside organism) are morphologically similar pathogens of the eastern oyster Crassostrea virginica that occur along the east coast of the United States (Stokes & Burreson 2001) . H. nelsoni was first identified in the eastern United States in the spring of 1957 (Haskin et al. 1965 ). This pathogen was associated with an outbreak that resulted in high mortalities in C. virginica in the Delaware and Chesapeake Bays (Haskin & Andrews 1988) . Recent studies have shown that H. nelsoni has been detected in the Pacific oyster C. gigas from different parts of the world, including Japan, Korea, and California (Friedman 1996 , Kamaishi & Yoshinaga 2002 . H. costale was first reported to cause high mortalities in C. virginica along the Atlantic coast of Virginia in the1960s . Later, Sunila et al. (2002) suggest that H. costale was also present in the eastern oysters in Long Island Sound. The distribution of these 2 pathogens overlaps in some areas; however, the known range of H. nelsoni is wider than that of H. costale. Although an unidentified haplosporidian parasite has been observed in the bay scallop Argopecten irradians in Shandong and Liaoning Provinces in China by histological methods (Chu et al. 1996 ), H. nelsoni and H. costale have not been reported in any bivalves in China.
The parasites are easy to distinguish if spores are present, based on the locations and sizes of spores (Couch 1967) . However, no definitive characteristics have been found with hematoxylin and eosin (H&E) stain to distinguish Haplosporidium nelsoni and H. costale plasmodia (Andrews & Castagna 1978) . The ability to rapidly and accurately detect parasites of oysters has broad implications for both research and industry. The development of molecular tools provides a means to detect the cryptic life stages of similar species and to identify them. Specific polymerase chain reaction (PCR) (Ko et al. 1995 , Renault et al. 2000 , Stokes & Burreson 2001 . In the present study, the discovery of haplosporidian plasmodia is reported in Pacific oysters from China's coasts during epizootiological surveys for bivalve pathogens. No spores were found in infected oysters; therefore, DNA-based diagnostics were used to identify mixed plasmodial infections of the 2 species.
MATERIALS AND METHODS
Sample collection. A total of 20 cultured Pacific oysters Crassostrea gigas were collected for routine histological surveys from 11 locations between April 2006 and January 2008 (Fig. 1 , see Table 1 ). Mean shell length of 20 oysters from each site was recorded (see Table 1 ).
Light microscopy. Each oyster was processed by removing the digestive gland tissue and cutting it into 2 pieces along the sagittal plane; then half was placed in Bouin's solution and the other half was collected for genomic DNA extraction and subsequent PCR analysis. Samples fixed in Bouin's solution for 24 h were stored in 70% alcohol; then the tissues were dehydrated in an ascending series of ethanol solutions and embedded in paraffin, and 5 µm sections were stained with H&E using conventional histological techniques.
ISH. In order to identify these parasites in histological sections, in situ hybridization was performed on Bouin's fixed, paraffin-embedded tissue of the oyster using 2 ng µl -1 of the Haplosporidium nelsoni-specific DNA probe MSX1347 or 5 ng µl -1 H. costale-specific DNA probe SSO1318, as described previously . These probes were labeled with digoxigenin at 5' end by TaKaRa Biotechnology Company. Negative controls contained no probe in the hybridization solution, and uninfected oysters were used. No positive control infected slides such as H. nelsoni and H. costale were used for the ISH. The ISH procedure was conducted with negative controls and 9 oysters, which confirmed the presence of haplosporidian-like plasmodia using histology diagnosis. Tissue sections for ISH were processed as described elsewhere , 2001 .
PCR. Genomic DNA was extracted from the digestive gland tissue for each oyster at each site using QIAamp DNA Mini Kit (Qiagen) and was performed according to the manufacturer's protocol. Haplosporidium nelsonispecific primers MSX-A' and MSX-B (Renault et al. 2000) were used in the PCR. This primer pair can amplify a 573 bp section of the small subunit (SSU) region of the rRNA gene of H. nelsoni. The PCR reactions contained 10× PCR buffer (100 mM Tris-HCl, pH 8.3, 500 mM KCl, 15 mM MgCl 2 ), 2.5 mM each of dATP, dCTP, dGTP, dTTP, 5 U µl -1 of TaKaRa EX Taq, 20 pmol of each primer, and template DNA in a total volume of 50 µl. Each of the reaction mixtures was cycled in a PCR System TP240 thermal cycler (TaKaRa BIO.INC). Cycling conditions for PCR began with an initial denaturation of the sample at 94°C for 4 min, followed by 34 cycles at 94°C for 30 s, 59°C for 30 s, 72°C for 1.5 min, and a final extension at 72°C for 5 min. The H. costalespecific primers SSO-A and SSO-B (Stokes & Burreson 2001) and PCR reaction mixtures were prepared and cycled as described for H. nelsoni. This primer pair would amplify a 557 bp section of the SSU region of the rRNA gene of H. costale. Each PCR product was determined by loading a 6 µl aliquot of the PCR products on a 2.0% agarose gel and electrophoresing it at 200 V for 30 min. Negative control containing no template DNA in the PCR reaction was used. No positive control DNA from oysters confirmed as containing H. nelsoni and H. costale was used.
DNA sequencing. All the PCR products from the PCR-positive samples were ethanol-precipitated, ligated into the plasmid vector PMD18 (TaKaRa), and transformed into JM109 cells by the TaKaRa Biotechnology Company (Dalian). Clones with inserts were cycle sequenced via simultaneous bidirectional sequencing using M13-47 (TaKaRa) forward and reverse (s) sampling locations without these 2 protistan infections primers labeled using BigDye ® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). Sequencing reactions were electrophoresed on a POP-7TM (Performance Optimized Polymer; Applied Biosystems) gel in an ABI PRISM TM 377XL DNA automated sequencer. Sequence data were verified using BLAST searches of the GenBank database.
RESULTS

Histopathology
Haplosporidium-like plasmodia were detected in 7 locations on China's coasts: Dalian, Dongying, Laizhou, Changdao, Rongcheng, Rizhao, and Leqing (Table 1 ). There were 9 oysters with haplosporidiumlike plasmodia among the 220 oysters studied (4.09%). Histological examination of stained sections showed the presence of haplosporidium-like plasmodia within the digestive gland of oysters. The infiltration of host hemocytes was also observed. The diameter of the plasmodia was approximately 5 µm, and numerous nuclei were observed in each plasmodia (Fig. 2) . No spores or sporogonic stages were observed.
ISH assays
Plasmodia in tissues of all 9 oysters hybridized with the MSX1347 probe (Fig. 3A) , thus supporting the histological diagnoses. However, some plasmodia in 5 of the 9 oysters also hybridized with the SSO1318 probe (Fig. 3B) . That is to say, 5 oysters had mixed infections, the rest were infected only with Haplosporidium nelsoni. These mixed infections of H. nelsoni and H. costale were not distinguishable by histological examination because only plasmodia of H. nelsoni or a few plasmodia of H. costale were present, but they were strongly detected by ISH. Negative controls contained no probe and did not hybridize (Fig. 3C) .
PCR assays
A DNA fragment of 573 bp was amplified using primers MSX-A' and MSX-B in all of the 9 oysters previously diagnosed by histological examination of H&E-stained paraffin sections (Fig. 4) . All of the sequences shared 99% similarity with the SSU rRNA gene sequence of Haplosporidium nelsoni (GenBank accession no. AB080597). Bases A and C at positions 805 and 852, respectively, of H. nelsoni SSU rRNA were both changed to G in the present study. The 560 bp product was also easily detected in 5 of the 9 oysters previously diagnosed by histological examination after PCR amplification using SSO-A and SSO-B (Fig. 5) . Their sequences were identical to each other and shared 99% similarity with the SSU rRNA gene partial sequence of H. costale (GenBank accession no. AF387122). In this study, the PCR amplification product size was 560 bp (expected product size: 557 bp) because of a 3-base insertion (AGC) at positions 1129 to 1132 of H. costale SSU rRNA. No DNA fragment of 573 or 557 bp was found in PCR products in other oysters from any of the locations. Thus, we confirmed the identity of the 2 parasites as H. nelsoni and H. costale by the sequence information. Histology diagnosis recorded as (+) if haplosporidian-like plasmodia were found in the tissues and (-) if no haplosporidian-like plasmodia were found. PCR diagnosis recorded as (+) if the 573 or 557 bp amplification production was present on the agarose gel and (-) if no amplification production was present 
DISCUSSION
The results of the present study demonstrate the presence of Haplosporidium nelsoni and H. costale in Pacific oysters through histology, PCR, and ISH. In the present study, haplosporidium-like plasmodia were found in Crassostrea gigas from 9 locations, but not in other locations, by histological examination. Identification by ISH and PCR with specific probes and primers indicated the presence of H. nelsoni and H. costale in these specimens. Andrews & Castagna (1978) Results of PCR and ISH assays supported each other. Plasmodia in Crassostrea gigas samples collected from Rongcheng and Leqing hybridized only with the Haplosporidium nelsoni-specific DNA probe MSX1347, and the sequence of the PCR-amplified DNA was identical to the H. nelsoni SSU rDNA target region, with a difference of only 2 nucleotides. Similarly, ISH with SSO1318 probe and sequence of the PCR amplified product with primers SSO-A and SSO-B confirmed the presence of H. costale in oysters from Dalian, Dongying, Laizhou, Changdao, and Rizhao.
It should be noted that these 2 parasites are mainly identified in the Bohai Sea and northern coasts of the Yellow Sea, at latitudes between 28°N and 40°N, between January and August. It is thus possible that temperature is a controlling factor for the distribution of haplosporidian species. Further studies are therefore warranted to examine the prevalence of these 2 parasites in summer months in the infected areas. Haplosporidium nelsoni and H. costale are usually restricted to high-salinity bays (Andrews 1979 , Haskin & Ford 1982 . The salinity in the Bohai Sea varies from 29.0 to 30.0 ppt and from 30.0 to 32.0 ppt in northern coasts of the Yellow Sea. It is possible that these parasites may spread widely on China's coasts in the future because of the high salinity, though the prevalence of haplosporidian species is very low at present.
Crassostrea gigas were imported in the early 1980s from Japan to China and later were cultured in largescale areas along the north coast. The invasion route of Haplosporidium nelsoni and H. costale is not clear, and it is possible that these 2 pathogens were originally present in China. Alternatively, these parasites could have been introduced into China via the import of infected oysters and by ballast water. Until now, the presence of these 2 parasites in China had not been reported. Whereas the survey of haplosporidians worldwide (Burreson & Ford 2004 , Reece et al. 2004 ) is likely incomplete, we are confident that these infections represent H. nelsoni and H. costale. Further research to study the host -parasite interactions, infection cycle, prevalence, and population structure in both MSX or SSO and oysters is under way. Fig. 4 . Gel electrophoresis of polymerase chain reactions (PCR) amplification products of Haplosporidium nelsoni rDNA in oyster Crassostrea gigas. M: 100 bp DNA marker; Lanes 1 to 9: PCR amplification products from tissues of C. gigas collected at Leqing (1, 2), Rizhao (3), Rongcheng (4, 5), Changdao (6), Laizhou (7), Dongying (8), and Dalian (9), respectively; Lane 10: Negative control containing no template DNA in the PCR reaction. Arrow indicates 600 bp 
